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The requirements for optimal activity of the hepatitis A virus (HAV) internal ribosome entry segment (IRES) differ substan-
tially from those of other picornavirus IRESes. One such difference is that, to date, the HAV IRES is the only one whose
efficiency is severely inhibited in the presence of the picornaviral 2A proteinase. Here we describe experiments designed
to dissect the mechanism of proteinase-mediated inhibition of HAV translation. Using dicistronic mRNAs translated in vitro,
we show that the HAV IRES is inhibited by the foot-and-mouth disease virus Lb proteinase, as well as by the human
rhinovirus 2A proteinase. Furthermore, using mutant Lb proteinase, we demonstrate that proteolytic activity is required for
inhibition of HAV IRES activity. Translation inhibition correlated closely with the extent of cleavage of the one identified
common cellular target for the 2A and Lb proteinases, eukaryotic initiation factor (eIF) 4G, a component of the eIF4F cap-
binding protein complex. Total rescue of HAV IRES activity was possible if purified eIF4F was added to translation extracts.
In contrast, if the added eIF4F contained cleaved eIF4G, no rescue of HAV IRES activity was evidenced. Thus the HAV
IRES requires intact eIF4G for activity. This is unique among the picornavirus IRESes studied to date and may help explain
why HAV does not inhibit host cell translation during viral infection. q 1997 Academic Press
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INTRODUCTION required for their optimal activity: type I entero- and rhi-
noviral IRESes (poliovirus, human rhinovirus (HRV),
Like all other picornaviruses studied to date, hepatitis
ECHOvirus); type II cardio- and aphthoviral IRESes (Foot-
A virus (HAV) possesses an unusually long 5*-untrans-
and mouth disease virus (FMDV), encephalomyocarditis
lated region in the positive (messenger) sense genomic virus (EMCV)); type III IRESes, of which the HAV element
RNA (Cohen et al., 1987; Brown et al., 1991; Glass and is the only example to date (Pilipenko et al., 1989a,b;
Summers, 1992). Translation initiation occurs via direct Borman et al., 1995, 1997b). Although the HAV IRES
ribosome entry toward the 3* end of this untranslated shares structural features with the type II IRESes (Brown
region (Jang et al., 1988; Pelletier and Sonenberg, 1988; et al., 1991), its classification as a type III IRES, and of
Glass et al., 1993), rather than after ribosome scanning HAV as the sole member of the hepatovirus genus,
from the 5* end of these naturally uncapped messages seems merited at many levels. In addition to the lack of
(Kozak, 1989). Such internal initiation of picornavirus RNA sequence similarity between the HAV IRES and the other
translation requires a long (approximately 450 nucleo- picornavirus IRESes, the HAV IRES is unique in the condi-
tides (nt)), heavily structured internal ribosome entry seg- tions required for optimal activity (Borman et al., 1995).
ment (IRES) situated in the 5*-untranslated region (for Furthermore, HAV shows slow, generally noncytopathic
reviews see Jackson et al., 1990; Meerovitch and Sonen- growth in cell culture and in infected animals, without
berg, 1993). While the exact mechanism of internal ribo- the inhibition of host cell protein synthesis which is seen
some entry remains undetermined, IRES activity necessi- during infection with many other picornaviruses (re-
tates the interaction of secondary and tertiary RNA struc- viewed in Lemon and Robertson, 1993). The slow growth
tures with a specific set of translation factors. Numerous of HAV has been suggested to result at least in part from
cellular proteins have to date been implicated in IRES the intrinsic inefficiency of the HAV IRES in directing
function and include known eukaryotic translation initia- internal initiation of translation (Brown et al., 1994; Whet-
tion factors and newly identified noncanonical translation ter et al., 1994; Schultz et al., 1996).
proteins (reviewed in Meerovitch and Sonenberg, 1993). The subset of proteins required for IRES activity seems
The different picornaviral IRESes can be separated to vary from one IRES type to another; the proteins pres-
into three distinct groups on the basis of sequence and ent in reticulocyte lysates are sufficient for type II IRESes,
structural considerations and according to the conditions but apparently not for the type I and III elements. While
the addition of cytoplasmic extracts from various cultured
cells to reticulocyte lysates improves type I IRES effi-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (33) 01 40 61 30 45. e-mail: kathiemb@pasteur.fr. ciency (Dorner et al., 1984; Borman and Jackson, 1992),
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this is not so for the HAV element (Brown et al., 1991; Proteins and antibodies
Jia et al., 1991), although some translation enhancement
Recombinant wild-type HRV2 2A proteinase and wild-has been observed using liver cell extracts (Glass and
type and Cys23Ala mutant FMDV Lb proteinases, whichSummers, 1993). Additionally, it appears that the ribo-
had been purified to homogeneity as described pre-some-associated proteins which interact with the HAV
viously (Liebig et al., 1993; Kirchweger et al., 1994), wereIRES differ dramatically from one cell type to another
stored and diluted in proteinase buffer (50 mM NaCl, 50(Chang et al., 1993).
mM Tris–HCl, pH 8.0, 5 mM DTT, 1 mM EDTA, and 5%Recent evidence has demonstrated that certain virally
v/v glycerol). Where necessary, the 2A and Lb protein-encoded proteins play a role in IRES function, since the
ases were inhibited by elastatinal (final concentration ofentero- and rhinoviral 2A proteinases (and the FMDV
500 mM) and E-64 (Sigma, final concentration of 400 mM),Lb proteinase) have been shown to stimulate translation
respectively. Rabbit eIF4F, which had been purified asdirected by all type I IRESes (Hambidge and Sarnow,
described previously (Lamphear and Panniers, 1990),1992; Liebig et al., 1993; Ziegler et al., 1995a,b). This
was stored in eIF4F buffer (20 mM MOPS, pH 7.6, 100stimulation is mediated via cleavage of the eukaryotic
mM KCl, 0.25 mM DTT, 0.1 mM EDTA, 0.02% Tween 20,initiation factor (eIF) 4G, a component of the eIF4F cap-
and 10% v/v glycerol). Rabbit anti-eIF4G peptide 6 andbinding protein complex which is involved in the transla-
peptide 7 antisera (raised, respectively, against synthetiction of capped cellular messages. The 2A and Lb protein-
peptides corresponding to residues 1230–1248 andases cleave eIF4G in the same region, the scissile bonds
327–342 of human eIF4G) have been described else-being 7 amino acids apart at residues 486–487 and 479–
where (Yan et al., 1992). Mouse monoclonal anti-eIF4A480, respectively (Lamphear et al., 1993; Kirchweger et
antibody was provided by Dr. Hans Trachsel (Bern, Swit-al., 1994). Proteolysis of eIF4G results in the liberation
zerland). The preparation of HeLa cell S-10 extracts wasof two primary cleavage products, the C-terminal product
as described previously (Morley et al., 1985) except thatbeing sufficient to enhance type I IRES-driven translation
cell pellets were pooled and stored at 0707 prior to ex-(Borman et al., 1997a). However, cleavage of eIF4G is
tract preparation.without effect for type II IRESes, suggesting that these
IRESes can function in the presence of the intact protein
In vitro transcription and translation reactionsor its cleavage products (Borman et al., 1995; Ziegler et
al., 1995b). Conversely, the 2A proteinase severely inhib- In vitro transcription reactions were performed as de-
its HAV IRES driven translation both in vitro and in cell scribed previously for the synthesis of both uncapped
culture (Whetter et al., 1994; Borman et al., 1995). and artificially capped mRNAs (Ziegler et al., 1995b), us-
Here we present the results of a study designed to ing the pXLJ-HRV2 and pXLJ-HAV plasmids linearized
dissect the mechanism of proteinase-mediated inhibition with EcoRI as templates. Purified mRNAs were subse-
of HAV IRES activity, in order to investigate the require- quently translated in nuclease-treated rabbit reticulocyte
ments of the HAV IRES for the canonical translation initia- lysates (Flexi-reticulocyte lysate, Promega), supple-
tion factor eIF4G. Our results demonstrate that, contrary mented with 5% by volume of HeLa cell S-10 extract as
to the other picornavirus IRESes which can function in described (Ziegler et al., 1995b). Unless otherwise stated,
the absence of intact eIF4G, or indeed require cleaved final RNA concentrations in reactions were 10 mg/ml. The
eIF4G, HAV IRES activity has an almost absolute depen- reaction volumes (11 ml) contained 70% by volume of
dence on the intact initiation factor. reticulocyte lysate and the final concentrations of added
KCl and MgCl2 were maintained at 65 and 0.5 mM, re-
spectively. Reactions were supplemented with minimalMATERIALS AND METHODS
volumes of purified proteins or the equivalent volumes
Plasmids of the appropriate buffers. Treatment of reactions with
proteinases was performed at 307 for 10 min; the 2A
Escherichia coli strain TG1 was used for the propaga- and Lb proteinases were inhibited where necessary by
tion of plasmids. The dicistronic plasmids used for the incubation for 15 min at 47 with elastatinal or E-64. All
present study are based on the parental construct pXLJO translation reactions were performed for a total of 90
(Borman and Jackson, 1992), which contains the Xenopus min at 307, before analysis of [35S]methionine labeled
laevis cyclin B2 gene followed by a slightly truncated translation products by SDS–polyacrylamide gel electro-
influenza virus NS gene, under the control of the T7 Ø10 phoresis (using 20% gels) as described previously
promoter. The insertion into this vector of the sequences (Dasso and Jackson, 1989). Dried gels were exposed to
corresponding to the complete IRESes of human rhinovi- b-max film (Amersham), typically for 16 hr.
rus type 2 (HRV2) and hepatitis A virus p16 HM175 (HAV)
has been described previously (Borman et al., 1995). The Western blotting
nucleotide sequences of the IRES-NS gene junctions and
of the intercistronic spacer in the case of the control The state of eIF4G and eIF4A at the end of translation
reactions was analyzed by Western blotting exactly aspXLJO are summarized in Fig. 1A.
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described previously (Borman et al., 1997a) using gels
containing 6% acrylamide. All blots were revealed using
the commercial DAB peroxidase substrate kit (Vector
Laboratories Inc.).
Quantification of IRES efficiencies
Quantification of translation efficiencies was per-
formed densitometrically with a Sharp JX-330 densitome-
ter using the NIH Image program with Macintosh soft-
ware. Multiple exposures of each experiment were
scanned to ensure that exposures were within the linear
response range of the films. For all experiments, the
yields of both the influenza virus NS and of the cyclin B2
gene products were determined, in order to allow an
assessment of the effects of the different reaction com-
ponents on translation initiation on a capped or un-
capped cellular message.
RESULTS
This study set out to investigate the mechanism of
picornavirus proteinase-mediated inhibition of HAV
translation. For the experiments described here, we have
used a previously described artificial dicistronic mRNA
system into which the complete HAV IRES was placed
as the intercistronic spacer. The upstream cistron is the
Xenopus laevis cyclin B2 open reading frame which is
translated according to the constraints of the scanning
ribosome model. The second, downstream, cistron is the
FIG. 1. (A) Schematic representation of the dicistronic plasmids used.influenza virus NS gene, the translation of which is driven
The Xenopus laevis cyclin B2 and influenza virus NS protein codingby either the HAV or HRV IRES (Fig. 1A). As the results
regions are shown as boxes. The intercistronic spacer elements arein Fig. 1B demonstrate, HAV IRES activity (as measured
shown either as a nucleotide sequence (for the parental pXLJO plasmid)
by the yield of NS* protein) is largely unaffected by cap- or as thick lines for the IRESes; numbers refer to the first and last
ping of the upstream cistron. Similarly, HAV IRES activity nucleotides of the respective viral inserts (numbered according to each
viral genome). The sequence of the junction between the IRES and theis not affected by supplementation of reticulocyte lysate
NS coding region is shown, and the initiator codon used for NS proteintranslation reactions with cytoplasmic extracts from
synthesis is shown in bold and underlined. For the pXLJ-HAV construct,HeLa cells, although upstream cistron translation is then
NS synthesis is initiated from the authentic viral AUG codon. (B) In vitro
reduced due to nonspecific inhibitory effects of the HeLa translation of mRNAs derived from the pXLJ-HAV plasmid. Translation
cell extract (Borman and Jackson, 1992). Thus all subse- reactions were performed as described under Materials and Methods
in either reticulocyte lysates (left hand panel) or in reticulocyte lysatesquent experiments were performed with pXLJ-HRV- or
containing different volumes of HeLa cell S-10 extract as given abovepXLJ-HRV2-derived mRNAs at final RNA concentrations
each lane as percentage v/v of S-10 extract (right hand panel). Reac-of 10 mg/ml, in the presence of 5% by volume of HeLa
tions (11 ml) were programmed with capped or uncapped mRNAs (as
cell S-10 extract. HeLa cell proteins were included in indicated) transcribed from the pXLJ-HAV plasmid. Final RNA concen-
reactions to allow detectable HRV IRES activity, since trations (in mg/ml) are given above each lane (left hand panel) or were
standardized at 20 mg/ml (right hand panel). Translation products werethe HRV IRES has previously been shown to have an
analysed as described under Materials and Methods; the autoradio-almost absolute dependence on such extracts (Borman
graph of the dried 20% SDS–polyacrylamide gel is shown. The posi-and Jackson, 1992). Additionally, in the presence of 5%
tions of the cyclin B2 and NS* proteins are indicated. Similar results
HeLa cell extract, the efficiencies of upstream and down- were obtained in three independent experiments.
stream cistron translation from the pXLJ-HAV-derived
mRNAs are similar. The final concentrations of added
low concentrations of the wild-type 2A proteinase dra-KCl and MgCl2 used (65 and 0.5 mM, respectively) were
matically inhibits translation of artificially capped mRNAschosen to be close to the optima for both HRV and HAV
and those carrying the HAV IRES, while stimulating trans-IRES-driven translation (Borman et al., 1995).
lation of uncapped mRNAs and those carrying the HRV
Proteinase-mediated inhibition of HAV IRES-driven IRES (Figs. 2A and 2B). Identical results were obtained
translation correlates with the extent of eIF4G when the unrelated FMDV Lb proteinase was used. In-
cleavage deed, with as little as 20 mg/ml of either proteinase, which
is sufficient to stimulate HRV IRES activity approximatelyAs we have shown previously (Borman et al., 1995),
the pretreatment of translation reactions with relatively three- to fourfold, HAV IRES-driven translation from both
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FIG. 2. The effects of the 2A and Lb proteinases on HAV IRES-driven translation. (A) Reticulocyte lysate translation reactions (11 ml final volume, and
containing 5% v/v of HeLa cell S-10 extract) were performed as described in the legend to Fig. 1. Before the addition of mRNA, reactions were pretreated
with the HRV 2A (2A lanes), wild-type FMDV Lb (Lb lanes), or Cys23Ala mutant (Mut lane) Lb proteinases (final proteinase concentrations of 20 mg/ml)
or the equivalent volumes of proteinase buffer (0 lanes) for 10 min at 307. Reactions were then treated with the proteinase inhibitors elastatinal (500 mM
final concentration) for reactions containing 2A and E-64 (400 mM final concentration) for reactions containing Lb and incubated at 47 for 15 min. In a
second series of reactions (right hand panel), reactions were treated with the indicated concentrations of wild-type Lb proteinase (as given above each
lane, in mg/ml), before the addition of E-64. All reactions were programmed with the indicated mRNAs at final RNA concentrations of 10 mg/ml. Translation
products were analyzed as described in the legend to Fig. 1. (B) The autoradiograph shown in A was subjected to densitometric analysis as described
under Materials and Methods. The graph shows the results of analysis of the yields of the NS* and cyclin B2 proteins (aligned under the corresponding
lanes of the autoradiograph) averaged from scanning of three different exposures of the same autoradiograph. Similar results were obtained in two
independent experiments. (C) Immunoblot analysis of the integrity of eIF4G in the translation reactions analyzed in A. Reactions were blotted at the end
of the 90-min translation reaction and blots were revealed using either anti-peptide 6 (anti CpC) or anti-peptide 7 (anti CpN) antibodies as described under
Materials and Methods. The positions of intact eIF4G and the CpN and CpC primary cleavage products are indicated.
capped and uncapped dicistronic mRNAs was reproduci- dependent on the dose of proteinase used and was even
more dramatic (five- to sixfold inhibition) at higher pro-bly reduced by over 65% (Fig. 2A, left-hand side). The
extent of inhibition of HAV IRES-driven translation was teinase concentrations (30 mg/ml lane, Fig. 2A, right-hand
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panel). Such inhibition was not evidenced when an active
site Cys23Ala mutant Lb proteinase was used (Fig. 2A,
Mut lane) or when wild-type Lb proteinase was pre-
treated with E-64 inhibitor prior to its addition to transla-
tion extracts (data not shown). These data imply that
proteolytic activity is necessary for inhibition of transla-
tion driven by the HAV IRES, as was previously sug-
gested for inhibition by the 2A proteinase in vivo (Whetter
et al., 1994). Similarly, it has been shown that the stimula-
tion observed when type I IRESes are translated in the
presence of these proteinases requires proteolytic activ-
ity (Liebig et al., 1993; Ziegler et al., 1995a,b). Indeed,
such stimulation could be attributed to cleavage of the
one known cellular substrate for these proteinases,
eIF4G (Borman et al., 1997a).
When the state of eIF4G was examined at the end of
translation reactions, it could be seen that the degree of
inhibition of HAV IRES activity correlated very closely with
the extent of eIF4G cleavage (Fig. 2C). Thus, dramatic
inhibition of translation was only observed in reactions
in which greater than 90% of eIF4G had been cleaved
(compare inhibition and cleavage observed with 0.1 and
1 mg/ml of Lb proteinase; Fig. 2 right-hand panel).
eIF4F complex containing intact eIF4G completely
rescues HAV IRES-driven translation
Given the correlation between cleavage of eIF4G and
inhibition of translation from the HAV IRES, we next ex-
amined whether intact eIF4G as part of the eIF4F com-
plex was required for HAV IRES activity (Fig. 3). Transla-
tion reactions were pretreated with inactivated Lb pro-
teinase (lane 1) or active wild-type Lb proteinase (lanes
2 through 7). After 10 min of pretreatment, proteinase
was then inactivated (lanes 2 through 6) and increasing
concentrations (from 0.5 to 2 ml, corresponding to approx-
imately 0.5 to 2 cell equivalents of eIF4G, see Fig. 3C) FIG. 3. HAV IRES function requires intact eIF4G. (A) Translation reac-
of purified eIF4F complex were added to reactions (lanes tions were performed exactly as described in the legend to Fig. 2 and
were pretreated for 10 min at 307 with 20 mg/ml of wild-type Lb proteinase3–6). One reaction received the maximal dose of eIF4F
which had been pretreated for 15 min at 47 with E-64 (lane 1) or 20 mg/before the inactivation of proteinase, E-64 inhibitor being
ml of wild-type Lb proteinase (lanes 3–7). Lanes 2 to 6 then received E-added after a further 10-min incubation at 307 (Lane 7).
64 inhibitor (400 mM, 15 min at 47) followed by eIF4F buffer (2 ml, lane 2),
All reactions were then programmed with 10 mg/ml of or 0.5, 1, 1.5, or 2 ml of purified rabbit eIF4F (lanes 3–6; total volume of
capped pXLJ-HAV-derived mRNA. Artificially capped RNA addition of 2 ml, dilutions performed in eIF4F buffer). Lane 7 received 2
ml of purified eIF4F and was incubated at 307 for a further 10 min beforewas used for this experiment so that the relative require-
the proteinase was inhibited with E-64. All reactions then received cappedments of capped and HAV IRES-driven translation for
pXLJ-HAV mRNA (final mRNA concentration of 10 mg/ml). Translation reac-eIF4G could be compared.
tions were analyzed as described in the legend to Fig. 1. (B) Densitometric
Once again, dramatic inhibition of capped and HAV analysis of the autoradiograph depicted in A was performed exactly as
IRES-driven mRNA translation was observed in the pres- described in the legend to Fig. 2. The results shown are representative
of three independent experiments. (C) Translation reactions were analyzedence of active, but not inactivated, Lb proteinase (com-
by immunoblotting as described in the legend to Fig. 2, using anti-peptidepare lanes 1 and 2). However, upon the addition of intact
6 (anti CpC), anti-peptide 7 (anti CpN), or mouse monoclonal anti-eIF4AeIF4F complex to the proteinase-treated reactions, both
antibodies. The positions of intact eIF4G, the CpN and CpC primary cleav-capped and HAV IRES-driven RNA translation were stim- age products and of eIF4A are indicated.
ulated in a dose-dependent manner until translation effi-
ciency for both cistrons exceeded that seen in untreated
extracts (lanes 3 through 6, compared to lane 1). The ucts per se were responsible for the inhibition of transla-
tion observed with active proteinase. HAV IRES-drivenability to restore HAV IRES-driven translation in this man-
ner effectively precludes that the eIF4G cleavage prod- translation was not restored by the addition of 2 cell
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equivalents of eIF4F to reactions which still contained apthovirus IRES-driven translation, recent reports
showed that HAV IRES activity is severely impaired inactive proteinase (lane 7), demonstrating formally that it
is the integrity of the eIF4G component of eIF4F that is the presence of the 2A proteinase both in vitro and in
cell culture (Whetter et al., 1994; Borman et al., 1995). Incritical.
Interestingly, HAV IRES activity was repeatedly par- the study described here, it was formally demonstrated
that efficient HAV IRES function requires intact eIF4G.tially rescued at lower concentrations of added eIF4F
than was upstream cap-dependent translation (compare Activity of the HAV IRES was severely inhibited in transla-
tion extracts where endogenous eIF4G was cleaved bythe relative cyclin B2 and NS protein yields between
lanes 2 and 3). This suggests either that less eIF4G is either the 2A or Lb proteinases. Furthermore, HAV IRES-
driven translation could be restored by adding eIF4F torequired for translation initiation on the HAV IRES than
on a capped message, or that the HAV IRES has a higher proteinase-treated translation reactions. This proves that
translation inhibition resulted directly from cleavage ofaffinity for eIF4G than the upstream cyclin B2 5*-untrans-
lated region. In this respect, it should be noted that in eIF4G by removal of a component required for efficient
translation initiation. Thus, cleaved eIF4G is required forthe reaction containing ‘‘cleaved eIF4F’’ (lane 7), a minute
proportion of eIF4G remained intact (Fig. 3C, anti CpN optimal type I IRES-driven translation, efficient translation
initiation on type II IRESes can occur in the presence ofand anti CpC panels). While this trace of intact eIF4G
was insufficient to rescue HAV IRES-driven translation, either the intact or the cleaved molecule, and intact
eIF4G is required for HAV IRES activity. The form of eIF4Gcapped upstream cistron translation was quite strongly
stimulated, in apparent contradiction with the proposal required for type I and type III IRES activity is coherent
with the infectious cycles of the respective viruses: HAVthat rescue of IRES-driven translation requires less eIF4G
than that of the upstream cistron. However, it should be does not induce cleavage of this protein in infected cells
(reviewed in Lemon and Robertson, 1993), whereas thenoted that the reaction shown in lane 7 also contains
considerable quantities of eIF4G cleavage products (ef- entero- and rhinoviruses mediate host-cell translational
shut-off at least in part through eIF4G cleavage (Etchisonfectively 2–3 times higher concentrations than are liber-
ated by complete cleavage of the endogenous molecule; et al., 1982). However, the finding that the EMCV IRES
functions well in the presence of cleaved eIF4G is sur-panel C anti CpN). It has previously been shown that
artificially capped mRNA preparations contain a signifi- prising since this virus does not induce degradation of
this factor in infected cells. To better understand thiscant proportion of uncapped molecules whose transla-
tion is stimulated by the C-terminal cleavage product of anomaly, we need to consider the potential function of
the eIF4F complex in translation initiation.eIF4G (Ziegler et al., 1995b; Ohlmann et al., 1995, 1996).
Thus it is possible that the observed partial rescue of Translation initiation on capped cellular messages is
greatly stimulated by the eIF4F complex, in part due toupstream cistron translation in the reaction shown in
lane 7 is due to the stimulatory effect of an inordinately the eIF4E subunit which mediates recognition of the 5*
cap structure (for review see Hershey, 1991) and in parthigh CpC concentration on the uncapped mRNAs in the
population and not due to rescue of capped mRNA trans- due to the associated eIF3 component which has been
proposed to promote the RNA-43S ribosomal subunit in-lation by the trace amount of uncleaved eIF4G which
remains in the reaction. teraction (Hansen et al., 1982). Recently, a novel interac-
tion between eIF4F and the EMCV IRES was described
(Pestova et al., 1996a,b), and it was proposed that bindingDISCUSSION
of eIF4G to the EMCV IRES mediates the analogous func-
tion of promoting the ribosome–RNA interaction on thisWe and others have previously shown that the pres-
ence of FMDV Lb proteinase or entero- and rhinoviral 2A element. Thus, the different requirements of the various
IRESes for eIF4F or its cleavage products could resultproteinases in in vitro translation reactions stimulates
translation initiation driven from the IRESes of entero- either from variable affinities of these IRESes for intact
versus cleaved factor, or from the utilization of differentand rhinoviruses but has little effect on cardio- and aph-
thovirus IRES-driven translation (summarised in Borman components of the eIF4F complex during translation initi-
ation. We have previously demonstrated that the type Iet al., 1995). Recently it was demonstrated that the stimu-
lation of type I IRES-driven translation and a similar stim- IRESes require the C-terminal cleavage product of eF4G
(to which remain associated eIF4A and eIF3 (CpC-eIF4A-ulation of translation from artificial uncapped cellular
mRNAs is modulated via proteolysis of the cellular target eIF3)), but not the N-terminal fragment with its associated
eIF4E. Likewise, while the type II IRESes function equallyprotein eIF4G, a component of the larger eIF4F cap bind-
ing protein complex. Effectively, the C-terminal cleavage well in the presence of cleaved or intact factor, CpN-
eIF4E are not needed for IRES activity. Effectively, eIF4Eproduct of eIF4G (and possibly eIF4A and eIF3 with
which it is associated) was alone sufficient to stimulate can be removed by sequestration with specific binding
proteins without effect on IRES-driven translation (Hagh-translation of uncapped and type I IRES-carrying mRNAs
(Ohlmann et al., 1996; Borman et al., 1997a). ighat et al., 1995) and functional 48S initiation complex
formation at the authentic site on the EMCV IRES canIn contrast to entero- and rhinovirus and cardio- and
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tion of an internal ribosomal entry site (IRES) present within the 5*occur in the absence of CpN-eIF4E (Pestova et al., 1996b).
nontranslated region of hepatitis A virus RNA: Comparison with theThus, either the HAV element is the only IRES which
IRES of encephalomyocarditis virus. J. Virol. 68, 1066–1074.
requires eIF4E and this on the eIF4G scaffold rather than Chang, K. H., Brown, E. A., and Lemon, S. M. (1993). Cell type-specific
as part of the CpN-eIF4E complex, or the affinity of this proteins which interact with the 5* nontranslated region of Hepatitis
IRES for CpC-eIF4A-eIF3 is insufficient to ensure transla- A virus RNA. J. Virol. 67, 6716–6725.
Cohen, J. I., Ticehurst, J. R., Purcell, R. H., Buckler-White, A., and Bah-tion. Further experiments will be needed to distinguish
roudy, B. M. (1987). Complete nucleotide sequence of wild-type hepa-between these two possibilities. While a requirement for
titis A virus RNA: Comparison with different strains of hepatitis AeIF4E might seem unlikely given the role of this factor in
virus and other picornaviruses. J. Virol. 61, 50–59.
capped translation, this could explain old reports in the Dasso, M. C., and Jackson, R. J. (1989). On the fidelity of mRNA transla-
literature of apparantly nonspecific inhibition of un- tion in the nuclease-treated rabbit reticulocyte lysate system. Nucleic
Acids Res. 17, 3129–3144.capped mRNA translation by cap analogues. Indirect evi-
Dorner, A. J., Semler, B. L., Jackson, R. J., Hanecak, R., Duprey, E., anddence for competition between intact eIF4F and CpC was
Wimmer, E. (1984). In vitro translation of poliovirus RNA: Utilisationobtained in the case of entero- and rhinovirus IRES-
of internal initiation sites in reticulocyte lysate. J. Virol. 50, 507–514.
driven translation, since CpC-mediated stimulation of Etchison, D., Milburn, S. C., Edery, I., Sonenberg, N., and Hershey,
translation driven from these IRESes was shown to be J. W. B. (1982). Inhibition of HeLa cell protein synthesis following
optimal only in the absence of intact eIF4G (Borman et poliovirus infection correlates with the proteolysis of a 220,000 dalto
polypeptide associated with eukaryotic initiation factor 3 and a cap-al., 1997a). Interestingly, in the experiments described
binding protein complex. J. Biol. Chem. 257, 14806–14810.here, rescue of HAV IRES activity through back-addition
Glass, M. J., Jia, X. Y., and Summers, D. F. (1993). Identification of theof eIF4F was possible in extracts which contained con-
hepatitis A virus internal ribosome entry site: In vivo and in vitro
siderable quantities of the potentially competitive cleav- analysis of bicistronic RNAs containing the HAV 5* noncoding region.
age products. These data thus lend weight to the sugges- Virology 193, 842–852.
Glass, M. J., and Summers, D. F. (1992). A cis-acting element within thetion that the HAV IRES has a much weaker affinity for
hepatitis A virus 5*-non-coding region required for in vitro translation.CpC-eIF4A-eIF3 than it does for intact eIF4F.
Virus Research 26, 15–31.In light of the apparent role of eIF4F, albeit in different
Glass, M. J., and Summers, D. F. (1993). Identification of a trans-actingforms, in translation initiation on all picornaviral IRESes,
activity from liver that stimulates hepatitis A virus translation in vitro.
and the fact that eIF4F (or a central portion of eIF4G) Virology 193, 1047–1050.
shows binding affinity for the EMCV IRES (Pestova et al., Haghighat, A., Mader, S., Pause, A., and Sonenberg, N. (1995). Repres-
sion of cap-dependent translation by 4E-binding protein 1: Competi-1996a,b), it is tempting to speculate that eIF4F or its
tion with p220 for binding of eIF4E. EMBO J. 14, 5701–5709.cleavage products mediate the initial ribosome–IRES in-
Hambidge, S. J., and Sarnow, P. (1992). Translational enhancement ofteraction on picornaviral messages. Future experiments
the poliovirius 5* noncoding region mediated by the virus-encodedwill be designed to address this possibility. polypeptide 2A. Proc. Natl. Acad. Sci. USA 89, 10272–10276.
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